Quantum critical point lying beneath the superconducting dome in iron-pnictides 



m 

o 

(N 

< 

en 



T. Shibauchi^, A. Carrington^, and Y. Matsuda^ 

^Department of Physics, Kyoto University, Kyoto 606-8502, Japan 

^H.H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue, Bristol, BS8 ITL, U.K. 

(Dated: April 24, 2013) 

Whether a quantum critical point (QCP) lies beneath the superconducting dome 
has been a long-standing issue that remains unresolved in many classes of unconven- 
tional superconductors, notably cuprates, heavy fermion compounds and most recently 
iron-pnictides. The existence of a QCP may offer a route to understand: the origin 
of their anomalous non-Fermi liquid properties, the microscopic coexistence between 
unconventional superconductivity and magnetic or some exotic order, and ultimately 
the mechanism of superconductivity itself. The isovalent substituted iron-pnictide 
BaFe2(Asi a:Pj;)2 offers a new platform for the study of quantum criticality, providing 
a unique opportunity to study the evolution of the electronic properties in a wide 
range of the phase diagram. Recent experiments in BaFe2(Asi_a:Pj:)2 have provided 
the first clear and unambiguous evidence of a second order quantum phase transition 
lying beneath the superconducting dome. 
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I. INTRODUCTION 

The discovery of iron-pnictide high-Tc superconduc- 
tivity has been one of the most exciting recent devel- 
opments in condensed matter physics. In 2006, Hideo 
Hosono's researchgroup found superconductivity below 
6K in LaFePO [l|. They discovered that by replac- 
ing phosphorus with arsenic and doping the structure 
by substituting some of the oxygen atoms with fluorine 
they could increase Tc up to 26K [2|. This high Tc in 
LaFeAs(0,F) aroused great interest in the superconduct- 
ing community, particularly when it was found that Tc 
could be increased up to 43 K with pressure [3]. By the 
end of April 2008, it was found that Tc could be increased 
to 56 K by replacing La with other rare earth elements 
[J|. Thus iron-pnictides joined the cuprates and became 
a new class of high-Tc superconductor. 

The most important aspect of the iron-pnictides may 
be that they open a new landscape in which to study 
mechanisms of unconventional pairing which lead to high- 
Tc superconductivity [5|-l9[. The high transition temper- 
atures in both cuprates and iron-pnictides cannot be ex- 
plained theoretically by the conventional electron-phonon 
pairing mechanism and thus there is almost complete 
consensus that the origin of superconductivity of both 
systems has an unconventional origin [9|, |lO[. Another 
class of materials in which there is extensive evidence for 
unconventional superconductivity are the heavy fermion 
compounds [il| . The unusual properties of these mate- 
rials originate from the / electrons in the Ce (4/) or U 
(5/) atoms which interact with the conduction electrons 
to give rise to heavy effective electron masses (up to a 
few hundred to a thousand times the free electron mass) 
through the Kondo effect. 

There are several notable similarities between these 
three classes of unconventional superconductor. First of 



all, it is widely believed that in all three systems electron 
correlation effects play an important role for the normal- 
state electronic properties as well as the superconductiv- 
ity. As in high-Tc cuprates and some of the heavy fermion 
compounds, superconductivity in iron-pnictides emerges 
in close proximity to an antiferromagnetic (AFM) order, 
and Tc has dome-shaped dependence on doping or pres- 
sure. In these three systems near the optimal Tc composi- 
tion various normal-state quantities often show a striking 
deviation from conventional Fermi liquid behavior. 

Structurally, iron-pnictides also have some resem- 
blance to cuprates: pnictides are two dimensional (2D) 
layered compounds with alternating Fe-pnictogen (Pn) 
layers sandwiched between other layers which cither do- 
nate charge to the Fe-Pn layers or create internal pres- 
sure. However, there are also significant differences be- 
tween three systems. For example, the parent compounds 
of the iron-pnictides are metals whereas for cuprates they 
are Mott insulators. Moreover, whereas in cuprates the 
physics is captured by single band originating from a 
single d-orbital per Cu site, iron-based superconductors 
have six electrons occupying the nearly degenerate 3d Fe 
orbitals, indicating that the system is intrinsically multi- 
orbital and therefore that the inter-orbital Coulomb in- 
teraction also plays an essential role. Indeed, it is thought 
that orbital degrees of freedom in pnictides give rise to 
a rich variety of phenomena, such as nematicity and or- 
bital ordering [12 2_8|. In cuprates a crucial feature of 
the phase diagram is the mysterious pseudogap phase 
[29|-|36|. At present it is unclear if an analogous phase 
exists in iron-pnictides. 

In heavy fermion compounds, the / electrons, which lo- 
calize at high temperature, become itinerant at low tem- 
perature through Kondo hybridization with the conduc- 
tion electrons. Heavy fermion compounds usually have 
complicated 3D Fermi surfaces. The competition of vari- 



ous interactions arising from Kondo physics often makes 
their magnetic structures compHcated. Orbital physics is 
also important in heavy fermion compounds, as shown by 
multipolar ordering (this corresponds to orbital ordering 
in d electron system) |37| , but often its nature is not sim- 
ple due to the complicated Fermi surface and strong spin- 
orbit interaction. Iron-pnictides, in sharp contrast, have 
much simpler quasi-2D Fermi surface with weaker spin- 
orbit interaction and simple magnetic structures 



A quantum critical point (QCP) is a special class of 
second order phase transition that takes place at abso- 
lute zero temperature, typically in a material where the 
phase transition temperature has been driven to zero by 
non-thermal parameters such as doping and the applica- 



44l |. In this short 



tion of pressure or magnetic field [3£ 
review we will address several questions concerning the 
physics of a putative QCP in the phase diagram of the 
iron-pnictide materials j4a |. In particular, we will review 
the evidence for a QCP hidden beneath the supercon- 
ducting dome, which we believe to be crucially important 
for understanding the anomalous normal-state proper- 
ties and the high-Tc superconductivity. In cuprates and 
heavy fermion compounds, this issue, i.e. whether the 
pseudogap phase or magnetically ordered phase termi- 
nates at a QCP inside the superconducting dome, has 
been hotly debated, but remains puzzling j46l - |49| . Here 
we focus on the electronic properties of the 122 fam- 
ily with the parent compound BaFe2As2, which is the 
most studied among the several families of iron-based 
superconductors discovered to date. This family pro- 
vides a so-far unique opportunity to study the evolu- 
tion of the electronic properties in a wide range of the 
phase diagram, ranging from spin density wave (SDW) 
metal, through high- Tc superconductor, to conventional 
Fermi liquid metal. In particular, the isovalently substi- 
tuted system BaFe2(Asi_a;Pa:)2 [501 provides a particu- 
larly clean system because P-substitution docs not induce 
appreciable scattering [Sll, [S^] ■ 



II. QUANTUM CRITICALITY 

A. Quantum phase transition 

Ordinary phase transitions are driven by thermal fluc- 
tuations and involve a change between an ordered state 
and a disordered state. At absolute zero temperature, 
where there are no thermal fluctuations, a fundamen- 
tally new type of phase transition can occur which is 
called quantum phase transition |39l - l46l l53l |54| . Quan- 
tum phase transitions are triggered by quantum fluctua- 
tions associated with Heisenberg's uncertainty principle. 
This type of phase transition involves no change in en- 
tropy and can only be accessed by varying a non-thermal 
parameter - such as magnetic field, pressure, or chemi- 
cal composition. When the transition is continuous, the 
point which separates the two distinct quantum phases at 
zero temperature is called a QCP. The physics of quan- 



tum criticality has become a frontier issue in condensed 
matter physics, in particular in strongly correlated sys- 
tems. 

Figure[T] illustrates a typical example of the phase dia- 
gram in the vicinity of a continuous quantum phase tran- 
sition. The ground state of the system can be tuned by 
varying the non-thermal parameter g. The system un- 
dergoes a continuous phase transition at finite temper- 
ature To- In the close vicinity of To, there is a region 
of critical thermal fluctuations. With increasing g, To 
decreases. The end point of a line of this continuous fl- 
nite temperature phase transition (g = g,.) is the QCP, 
at which quantum phase transition from ordered phase 
to disordered phase occurs at T = OK. At the QCP, 
two distinct states a,t g < g^ and g > gc arc mixed and 
the wavefunction is a non-trivial superposition of the two 
quantum states. Approaching the QCP, the order param- 
eter correlation length ^ and correlation time ^r (i-e., the 
correlation length along the imaginary time axis) , which 
characterizes the dynamical (temporal) fluctuations, di- 
verge as 



6oc Ig-gd' 



(1) 



where \g — gd is the distance to the QCP, and ly is the 
correlation length exponent, and 
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where z is the dynamical exponent of the quantum phase 
transition [30, \^, |40|. The dispersion relation at the 
QCP is a; ex fc^: z = 1 for AFM localized spin systems 
with spin wave excitations, and z = 2 for itinerant AFM 
systems. At finite temperature, in a quantum system, 
there is a finite time scale. 
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which characterizes the thermal fiuctuation (i.e., thermal 
length along the imaginary time axis). 

The disordered phase of the system at finite temper- 
ature can be divided into distinct regimes, Lr > ^t and 
Lt < S,t- The dashed lines represent the crossover line 
defined by ^r ^ L-r or T gc \g — gd"^- For the low- 
temperature regime, Lr 3> £,t, the thermal time scale 
is much longer than the quantum time scale. In this 
regime, excitations from the quantum ground state are 
only weakly influenced by the thermal fluctuations and 
hence the system can be described by the ground state 
wavefunction. The quasiparticle excitations are well de- 
fined and the temperature dependence of the physical 
quantities can be calculated by the thermal average of in- 
dependent quasiparticles. For itinerant electron systems, 
the temperature dependence of the physical quantities 
exhibit conventional Fermi liquid behavior, such as T^- 
dependence of the resistivity, T-independent electronic 
specific heat coefficient 7, where j{T) = Ce{T)/T and 
Ce{T) is the electronic contribution to the specific heat, 
and T-indcpendent magnetic susceptibility x- 




Control parameter g 



FIG. 1. General phase diagram near a quantum critical point 
Qc- The second order phase transition to an ordered phase 
at To can be suppressed by a non-thermal parameter g. At 
finite temperatures near To, a thermal fluctuation regime ex- 
ists where conventional scaling properties can be observed. 
When approaching the QCP from the right-hand side, the 
correlation length diverges. When the temperature is lowered 
toward zero, the thermal length diverges. Above the crossover 
line where these two length scales become comparable, a fan- 
shaped non-Fermi liquid region appears. 



On the other hand, the high-temperature regime above 
the QCP exhibits a completely different behavior. In this 
regime, where the thermal time scale is much shorter 
than the quantum time scale (L,- <C ^t), the physical 
properties at finite temperatures are seriously influenced 
by the presence of the QCP at g ~ gc ■ the system at 
9 ¥" 9c cannot be simply described by the ground state 
wave function at g. In this quantum critical regime, the 
temperature dependence of the physical quantities often 
exhibit a striking deviation from conventional Fermi liq- 
uid behavior. For instance, in the 2D case the resistivity 
shows a T-Unear behavior at low temperature, p oc T , 
7(T) and x(2^) become strongly temperature dependent 
with divergent behavior as T ^- OK, Ce/T oc logT (for 
the 3D case, p oc T^/^ and Ce/T oc const. - VT) ^. 

The dashed crossover lines in Figure [1] border the re- 
gion of quantum critical fluctuations. The quantum crit- 
ical region has a characteristic fan shape. Remarkably, 
and somewhat paradoxically, the importance of quantum 
criticality increases with increasing temperature, far be- 
yond the isolated QCP at T = OK. Thus the quantum 
fluctuations originated from the QCP can extend to finite 
temperature giving rise to unusual physical phenomena. 



The quantum criticality has been studied most ex- 
tensively in non superconducting heavy fermion systems 
mill,!!!, such as CeCu6-:^Au^ [sg and YbRhaSiz [13, 
and the ruthenate Sr3Ru207 |58| . In heavy fermion sys- 
tems, the issue of the local quantum criticality (Kondo 
breakdown) and quantum criticality associated with the 
SDW has been controversial [H, [53, [HI . 



B. QCPs in unconventional superconductors 

As mentioned above, iron-pnictides and heavy fermion 
compounds share common features in that unconven- 
tional superconductivity emerges in close proximity to an 
antiferromagnetically ordered state and a superconduct- 
ing dome appears as a function of doping or pressure, 
with the maximum Tc found close to the extrapolated 
end point of the AFM transition. The situation in the 
cuprates is somewhat different in that Tc is small or zero 
close to the end point of the AFM transition. Instead, 
the maximal Tc, which occurs at a hole doping per Cu 
of p = 0.16 is close to the zero temperature end point 
of the pseud ogap p hase which occurs at approximately 
p = 0.19 [30, [3l|, [53 • The pseudogap is characterized by 
a gradual depression of the density of states at the Fermi 
level and a strong suppression of spin and charge exci- 
tations [23 which sets in a temperature T* . Recent ex- 
periments have suggested possible broken rotational and 
time-reversal symmetries within the pseudogap regime 
[3a - [35j supporting the view that the pseudogap state 
is a distinct phase. Within the pseudogap phase there 
seems to be another critical point close to p ~ 1/8 where 
charge ordering |36l . l60l [6l| leading to Fermi surface re- 
construction [62| is observed. There is evidence that the 
effective mass increases substantially close to a critical 
point at p = 0.10 associated with this phase [63, how- 
ever, the ordering that occurs here seems to correspond 
to a depression in Tc rather than any enhancement. So if 
cuprate superconductivity is also to be interpreted within 
the quantum critical framework it would seem that the 
pseudogap phase is the best candidate for the fluctuating 
phase. Indeed this is also the region where the resistivity 
is T-linear over the widest temperature range. 

A major open question in these three systems is 
whether the QCP lies beneath the superconducting dome 
or the criticality is avoided by the transition to the su- 
perconducting state. This question is intimately related 
to the following three fundamental issues. 

I) Arc quantum fluctuations associated with the QCP 
essential for superconductivity? 

II) Are the non-Fermi liquid properties in the normal 
state above Tc observed near the optimally doped 
regime driven by the quantum fluctuations? 

Ill) Can unconventional superconductivity coexist with 
magnetic or some other exotic long range order on 
a microscopic level? 

This last issue is motivated by the fact that the exis- 
tence of a QCP inside the dome suggests the the pres- 
ence of two distinct superconducting ground states, one 
of which may coexist with a magnetic state. Micro- 
scopic coexistence of superconductivity and magnetism 
has been a long-standing unsolved problem in heavy 
fermion compounds [4l, [4^, [6J, [63 as well as iron pnic- 
tides [3^, [66l - [70| . In spite of the intensive studies using 



various probes, it remains unclear whether the long range 
AFM order truly coexists microscopically with supercon- 
ducting regions or whether there is microscopic phase 
separation. So far the answer to this question seems to 
depend strongly on the experimental technique used to 
probe it. The type of coexistent we are referring to here 
is fundamentally different to the type observed in com- 
pounds such as the Chevrel phase, borocarbide, and some 
heavy fermion compounds, such as UPd2Al3, in which 
the magnetism occurs in a different electronic subsystem 
to the main conduction electrons j7l| . In the present 
case the same electrons are responsible for both types of 
behavior. 

A major obstacle to probing the presence or absence of 
a QCP inside the superconducting dome is the presence 
of the superconductivity itself which makes most exper- 
imental probes insensitive to its presence. Attempting 
to remove the superconductivity, for example using high 
magnetic field, is not straightforward either. Besides the 
fact that very large fields (> SOT) that are required for 
iron-pnictides, the presence of this field will affect the 
original magnetic phase boundary in the zero tempera- 
ture limit and may drastically change the nature of the 
quantum critical fluctuations. 

Figures^a), (b) and (c) iUustrate several possible 
generic temperature versus non thermal control param- 
eter phase diagrams for heavy fermion compounds and 
iron pnictides. 

Case A: A repulsion between AFM and superconduct- 
ing (SC) order: Quantum criticality is avoided 
by the transition to the superconducting state 
(Fig. Ufa)). A first-order phase transition be- 
tween AFM and SC phases occurs. There is no 
trace of a QCP in this case. This phase diagram 
has been reported for Celn3 and CePd2Si2 |6a |. 

Case B: The magnetic order abruptly disappears at a 
temperature where magnetic and superconduc- 
tivity phase boundaries meet (Fig.[21Jb)). A 
first-order or a nearly first-order phase bound- 
ary appears at a composition xi and there is 
no magnetic QCP. A nearly vertical first order 
line at xi, which separates two phases, has been 
reported in CcRhlns gi,[4i|. 

Case C: A QCP lies beneath the superconducting dome 
(Fig.Hfc)). The second order quantum phase 
transition occurs at the QCP (xc) and the QCP 
separates two distinct superconducting phases 
(SCI and SC2). The point at which magnetic 
and superconductivity phase boundaries meet is 
a tetracritical point. As shown later, this phase 
diagram is realized in BaFe2(Asi_a;P^)2 j73 |. 

Usually when looking for a mechanism of supercon- 
ductivity we think of some form of boson mediating pair- 
ing between two electrons to form a Cooper pair. The 
strength and characteristic energy of the coupling then 
determines Tc- However, more generally, the transition 
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FIG. 2. Three possible schematic phase diagrams with super- 
conducting dome near a QCP. (a) The (magnetic) order com- 
petes with and cannot coexist with superconductivity. The 
boundary between the ordered phase and superconducting 
phase is the first order phase transition, (b) Similar to the 
case of (a) but the first-order nature of the boundary may 
lead to a sizable region of phase separation, (c) The second 
order phase transition line of the (magnetic) ordered phase 
crosses the superconducting transition line, and the QCP ex- 
ists inside the superconducting dome. There should be two 
different phases inside the dome (SCI and SC2). The SC2 
phase is a microscopic coexistence phase of magnetic order 
and superconductivity. 



to the superconducting state will take place when the en- 
ergy of the superconducting state is lower than that of the 
normal state it replaces. Therefore we can view the mech- 
anisin in which quantum criticality causes superconduc- 
tivity in two different ways. First, the quantum critical 
fiuctuations will enhance the bosonic coupling strength 
and so produce strong Cooper pairing in the usual way. 
i.e., similar to the enhancement which occurs in electron- 
phonon coupled superconductors near a structural phase 
transition where a phonon branch softens and becomes 
strongly coupled to the electrons. Second, the increase in 
the normal state energies caused by the quantuin fluctua- 
tions will mean that a transition to the superconducting 
state, where such excitations are gapped out, is more 
energetically favorable and therefore would occur at a 
higher temperature than it normally would. The pairing 
in this case need not necessarily be solely due to the quan- 
tum fluctuations but may involve other channels such as 
phonons. These two mechanisms are not be mutually ex- 
clusive but it would be natural to associate the former 
with case C and the latter with cases A and B. This is 
because when the criticality is avoided in the supercon- 
ducting state (cases A and B), the superconducting gap 
formation surpresses the effect of quantum fluctuations 
on the entropy, leading to a gain in the condensation en- 
ergy 



III. 122 FAMILY 

A. Parent compound 

There have now been several different types of iron- 
pnictide superconductors discovered. The families are 
often abbreviated to the ratio of the elements in their 



parent compositions and are known as the 111, 122, 1111, 
32522, 21311 types la0|- In addition there are also iron- 
chalcogenide materials of the 11 and most recently 122 
types |73| which show much of the same physics as the 
iron-pnictides. 

Crudely the electronic and crystal structures and phase 
diagrams of all iron-based superconductors are quite sim- 
ilar. The crystals are composed of 2D Fe layer, which is 
formed in a square lattice structure with an Fe-Fe dis- 
tance of approximately 0.28 nm. The As (or P/Se/Te) 
atoms reside above and below the Fe layer, alternatively, 
and are located at the center of the Fe-atom squares, 
forming a tetrahedron FeAs4 (Figs.[3l^a)-(c)). Because of 
the strong bonding between Fe-Fe and Fe-As sites, the 
geometry of the FeAs4 plays a crucial role in determin- 
ing the electronic properties of these systems. The Fermi 
surface in these materials consists of well separated hole 
pockets at the center of the Brillouin zone and electron 
pockets at the zone corners (Fig.[31[d)). The parent com- 
pound is an SDW metal. The SDW is suppressed either 
by chemical substitution or by pressure. All the fami- 
lies exhibit a tetragonal-to-orthorhombic structural tran- 
sition (i.e., broken C4 symmetry) that either precedes or 
is coincident with the SDW transition. 



B. Magnetic structure 

BaFe2As2 undergoes a tetragonal-orthorhombic struc- 
tural transition at Ts = 135 K and at the same temper- 
ature it exhibits a paramagnetic to SDW phase transi- 
tion. The magnetic structure of BaFe2As2 is coUinear 
with a small ordered moment (~ 0.9 ^b per Fe) [7J], in 
which the arrangement consists of spins antifcrromagnet- 
ically arranged along one chain of nearest neighbors (a 
axis) within the iron lattice plane, and ferromagnetically 
arranged along the other direction {b axis) (Fig.[3Kc)). 
There is a small (0.7%) reduction in bond length along 
the direction where the spins are ferromagnetic coupled 
leading to a reduction in symmetry. A similar coUincar 
spin structure has also been reported in other pnictides, 
such as ylFe2As2 (A=Ca and Sr), AFeAsO (A=La, Ce, 
Sm, Pr, etc.) and NaFeAs, while Fei+yTe exhibits a bi- 
collinear spin structure [75|- The inelastic neutron scat- 
tering experiments have mapped out spin waves on single 
crystals of CaFe2As2, SrFe2As2 and BaFe2As2 through- 
out the Brillouin zone. It has been pointed out that 
neither localized nor itinerant model can satisfactorily 
describe these magnetic structure and excitation spec- 
trum [33I. Recently, a possible orbital ordering has 
been suggested to occur together with magnetic order- 
ing, which lifts the degeneracy between dxz and dyz or- 
bitals [13, U^- Such an orbital ordered state has been 
suggested to be important to understand not only the 
magnetism [12| . 13. 25.|38| but also the transport prop- 
erties dl [laliiriiW"^ 




FIG. 3. Crystal and electronic structure in BaFe2As2. (a) 
Schematic crystal structure. The dotted line represents the 
unit cell. The Fe-As network forms the 2D planes (b,c). The 
arrows in (c) illustrates the spin configuration in the antifer- 
romagnetic state below Tjv. (d) The Fermi surface structure 
of BaFe2As2 in the paramagnetic state. Three hole sheets 
near the zone center and two electron sheets near the zone 
corner are quasi nested when shifted by vector Q = (7r,7r,0). 
(e) For comparison the Fermi surface structure of BaFe2P2 
is also shown. The number of hole sheets is two in BaFe2P2 
instead of three in BaFe2As2, but in both cases it satisfies the 
compensation condition that the total volume of hole Fermi 
surface is the same as that of electron. 



C. Superconductivity 

High-temperature superconductivity develops when 
the 'parent' AFM/orthorhombic phase is suppressed, 
typically by introduction of dopant atoms. In most 
of the iron-based compounds, the magnetic and struc- 
tural transition temperatures split with doping [6|, |7|. 
The hole doping is achieved by substitution of Ba^"*" 
by K^+ in (Bai_2;K3;)Fe2As2 and electron doping by 
substitution of Fe by Co in Ba(Fei_i:Coa;)2As2 or Ni 
in Ba(Fei_xNia;)2As2. High-Tc superconductivity ap- 
pears even for the isovalent doping with phosphorous in 
BaFe2(Asi_a;P2;)2 or ruthenium in Ba(Fei_2;Ru2;)2As2. 
The magnetic and superconducting phase diagram of 
the BaFe2As2-based systems is shown in Fig.lH In the 
hole doped (Bai_a;Ka;)Fe2As2, the structural/magnetic 
phase transition crosses the superconducting dome at 
X ~ 0.3 and a maximum Tc of 38 K appears at x ~ 
0.45. Upon hole doping, the hole pocket expands and 
the electron pocket shrinks and disappears at x ^ 0.6 
[76|. The superconductivity is observed even at the 
hole-doped end material {x = 1), KFC2AS2; which cor- 
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FIG. 4. Magnetic and superconducting phase dia- 

gram of BaFe2As2-based materials. Superconductivity 
emerges wlien the AFM order is suppressed via either 
hole doping in (Bai_iKi)Fe2As2 (right), electron doping 
in Ba(Fei_3;Co3;)2As2 (left), or isovalent substitution in 
BaFe2(Asi_a;P3;)2 (bottom). In the P substituted system and 
in the overdoped region of K-doped system, the supercon- 
ducting gap has line nodes. 



responds to 0.5 holes/Fe atom. In the electron doped 
Ba(Fei_2;Co2:)2As2, the maximum Tc of 22 K appears at 
X = 0.07. In contrast to the hole-doped case, super- 
conductivity vanishes at only 0.15 clcctrons/Fe atom (al- 
though note that each doped K atom only adds 0.5 holes 
per Fe). This electron- hole asymmetry in the phase dia- 
gram has been attributed to an enhanced Fermi surface 
nesting in the hole-doped compounds. The superconduc- 
tivity of Tc = 31 K appears in heavily-electron doped 
AxFe2-ySe2 with no hole pockets |73j . 



D. Isovalent substitution system 

The isovalently 'doped' BaFe2(Asi_a;Pa;)2 system is a 
particularly suitable to study the detailed evolution of 
the electronic properties because of the following reasons. 
In isovalent 'doping' with no introduction of additional 
charge carriers, the dopant changes the electronic struc- 
ture mainly because of differences in ion size. In fact, the 
phase diagram of BaFe2(Asi_a;P2;)2 can be retraced with 
hydrostatic pressure from any starting P concentration 
[501, suggesting that pressure is somehow equivalent to 
substitution. Observation of quantum oscillations in a 
wide x-range (0.38 < a; < 1) demonstrates the low scat- 
tering rate of the defects introduced by P substitution 



[511. |77h79| |. particularly for the electron sheets. 

According to density function theory (DFT) band- 
structure calculations [50, [Sll, three hole sheets exist 
around the zone center (F point) in BaFe2As2, while one 
of them is absent in BaFe2P2 (Figs.[3]Jd) and (c)). Both 
compounds have two electron pockets around the zone 
corner {X point). The three dimensionality of the hole 
Fermi surfaces is quite sensitive to the pnictogen posi- 
tion zpn . The substitution of P for As reduces both the 
c axis length and zp„ and eventually leads to the loss of 
one of the hole sheets and a strong increase in the warp- 
ing of another which gains strong dj,2 character close to 
the top of the zone (Z point). This increased Fermi sur- 
face warping upon doping weaken the nesting along the 
(tt, tt) direction. In contrast to the significant changes in 
the hole sheets, the electron sheets are almost unchanged 
in the calculations, although experimentally a significant 
reduction in their volume is found 1511. 



E. Superconducting gap structure and symmetry 

Detailed knowledge of the superconducting gap struc- 
ture and how it varies between different families can be 
useful in helping to decide between microscopic theo- 
ries [0, l80l - [87| . The superconducting gap structure in 
the 122 family has been studied extensively by means of 
various experimental techniques [9[. Fully gapped su- 
perconductivity has been well established in the opti- 
mally doped regime of electron-doped Ba(Fci_j-Coa;)2As2 
[SSf and hole-doped (Bai_i;Ka;)Fe2As2 [80,|90l, mdicat- 
ing Aig (s-wave) symmetry. 

On the other hand, the presence of line nodes have 
been reported in heavily hole doped KFe2As2 [9ll - [9a | 
and throughout the whole superconducting region of the 
phase diag ram in isovalently doped BaFe2(Asi_a;Pj;)2 
[Zllgl-iil. For BaFe2(Asi_;:cP2:)2, there is no evidence 
of vertical line nodes in the hole pockets located at the 
zone center. Although the position of the line nodes in 
this system is controversial [93, [99l - ll01 1 



it is very likely 
that the gap function has Aig symmetry. Recent results 
detailing the effect of electron irradiation on the mag- 
netic penetration depth de mons trate that the line nodes 
are lifted by the impuriti es [1021 indicating that they are 
not symmetry protected [l03J. From the above we con- 
clude that the gap structure is not universal, but the gap 
symmetry is universal, i.e. Aig symmetry, at least in the 
122 family. 



IV. QCP HIDDEN BENEATH THE 
SUPERCONDUCTING DOME 

The method of isovalent subst ituti on offers an ideal 
route to quantum criticality [4^ Il04l |. as distinct from 
charge carrier doping or application of external pressure. 
Since BaFe2As2 exhibits SDW order and BaFe2P2 does 
not, we can place the two end materials on either sides of 



1.0 1.21.41.61,8 2.0 




I'l \ • x = 0.20. ■ )i=0.27J 0.10 

^\ \ t x = 0.33, )(=0.41 ^ 

•A V . x = 0.E6. • x = 0.64 "^E 




• 
Jl 








JT 


r 



FIG. 5. Evidence for the QCP in the superconducting dome in 
BaFe2(Asi_a;Pa;)2. (a) Temperature dependence of in-plane 
resistivity p^x for 0.33 < 0.71 [50|. The red lines are the fit 
of normal-state pxxiT) to power-law dependence po + AT" 
(Eq. (4)). (b) Temperature dependence of NMR l/TiT mea- 
sured for the ■^^P nuclei for several compositions [106| ]. The 
lines are the fit to the Curie- Weiss temperature dependence 
Eq. (5). (c) Phase diagram composed from a color plot of the 
exponent a of the temperature dependence of the resistivity. 
The effective mass m* and Fermi temperature Tf extracted 
from the quantum oscillation measurements are also plotted, 
(d) The X dependence of the square of zero-temperature Lon- 
don penetration depth \\ (0) [73| determined by the Al-coated 
method (diamonds), surface impedance (circles), and slope of 
the temperature dependence of 5\l{T) (squares, right axis). 



gc along the tuning parameter axis in the phase diagram. 
As X increases, the tuning parameter g increases. 



A. Transport properties 

As shown in Fig.[5ja), at a; = 0.30 where the maximum 
Tc is achieved, the in-plane resistivity p shows linear tem- 
perature dependence, p = po + AT [50[, which is a hall- 
mark of non-Fermi liquid behavior. We note that along 
with the T-linear resistivity, a striking enhancement of 
Hall coefficient at low temperatures and apparent viola- 
tion of Kohler's law in magnetoresistance have been re- 
ported |5 0|. w hich are also indicative of non- Fermi liquid 
behavior [l05| . On the other hand, at x > 0.6, the resis- 
tivity follows the Fermi liquid relation oi p = po + AT^ 
(Fig.EJa)). The color shading in Fig.ISjc) represents the 
value of the resistivity exponent in the relation 



Po 



AT". 



(4) 



A crossover from non-Fermi liquid to Fermi liquid with 
doping is clearly seen. The region of the phase diagram, 
which includes a funnel of T-lincar resistivity centered 
on a; ~ 0.3 shown by red, bears a striking resemblance 
to the quantum critical regime shown in Fig.[T] although 



the superconducting dome masks the low temperature 
region. Thus the transport results suggest the presence 
of QCP at a; sa 0.3. 



B. Magnetic properties 

The nuclear magnetic resonance (NMR) experiments 
give important information about the low-energy mag- 
netic excitations of the system. The Knight shift K 
and spin-lattice relaxation rate 1/Ti of BaFeafAsi _.- ,■?,,: ) 2 
have been measured with various P concentrations jl06l | . 
K is almost T-independent for all x, indicating that the 
density of states (DOS) does not change substantially 
with temperature. The '^^P relaxation rate 1/Ti is sen- 
sitive to the AFM fluctuations: 1/TiT is proportional to 
the average of the imaginary part of the dynamical sus- 
ceptibility x(g,wo)/wo, l/TiToc Sq|A(q)|2x"(q,cJo)/u;o, 
where A{q) is the hyperfine coupling between "^^P nu- 
clear spin and the surrounding electrons and ojq is the 
NMR frequency. In the Fermi liquid state, the Korringa 
relation TiTK^ = const, holds, but it fails in the pres- 
ence of strong magnetic fluctuations. In particular, AFM 
correlations enhance l/Ti through the enhancement of 
x(q ^ 0), without appreciable change of K. 

At X = 0.64, 1/TiT is nearly temperature independent 
(Fig.mjb)), indicating the Korringa relation TiTK"^ = 
const. This Fermi liquid behavior in the magnetic prop- 
erties is consistent with the transport properties. As x 
is varied towards the optimally doping, 1/TiT shows a 
strong temperature dependence, indicating a dramatic 
enhancement of the AFM fluctuations. It has been re- 
ported that in the paramagnetic regime Ti is well fitted 
with the 2D AFM spin fluctuation theory of a nearly 
AFM metal. 
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where a and b arc fitting parameters and 9 is t he Cu rie- 
Weiss temperature (Fig.[5ljb)). Nakai et al. jl06{ re- 
ported that while a and b change little with x, 9 exhibits a 
strong x dependence. With decreasing x, 9 decreases and 
goes to zero at the critical concentration x ~ 0.3, where 
non-Fermi liquid behavior in the resistivity is observed. 
At a second order AFM critical point, the singular part 
of 1/TiT is expected to vary 1/T, i.e. 9 = because 
the dynamical susceptibility diverges at T = OK, or the 
magnetic correlation length continue to increases down 
to OK. Therefore the NMR results also suggest a QCP 
at a; Ri 0.3. 



C. Fermi surface and mass renormalization 

Discovering how the Fermi surface evolves as the ma- 
terial is tuned from a non-superconducting conventional 
metal (right-hand side of the phase diagram) toward the 
non- Fermi liquid regime near the SDW phase boundary is 



an important step toward gaining a complete understand- 
ing of the mechanism that drives high-T^ superconduc- 
tivity. Quantum oscillations arise from the Landau quan- 
tization of the energy levels of metals in high magnetic 
fields and can be used to map out the detailed Fermi- 
surface structure. They are usually observed at very low 
temperatures and in very clean single crystals. The fre- 
quencies of the observed oscillations, F, (as a function 
of inverse magnetic field) provide very accurate measure- 
ments of the Fermi surface extremal cross-sectional areas, 
A),, via the Onsager relation, F = {h/2TTe)A^.. Moreover, 
the quasiparticle effective masses (to*) on each of the 
extremal orbits, which are important for understanding 
the degree of electronic correlation, can be extracted from 
the temperature-dependent amplitude of the oscillations. 
The quantum oscillations observed in the magnetization 
or torque are known as the de Haas van Alphen effect 
(dHvA) effect. In BaFe2(Asi_i:P2;)2 dHvA oscillations 
have been observed in a wide doping range |5l|, indi- 
cating that the substitution of As by P does not induce 
appreciable scattering. 

For the end member BaFe2P2; the dHvA oscillations 
originating from all the Fermi surface sheets are observed 
and hence the complete Fermi surface is precisely deter- 
mined [7g. All the orbits have relatively uniform mass 
enhancements m* /mi, ranging from 1.6 to 1.9 {rrii, is the 
DFT band mass). For the As-substituted samples, the 
dHvA oscillations from the hole sheets are rapidly atten- 
uated with decreasing x [51[ : signals from the hole sheets 
have been reported only up to a; = 0.63 [73|, still some 
way from the SDW phase boundary, at which Tc reaches 
its maximum. On the other hand, the dHvA quantum 
oscillations from the electron sheets, in particular the sig- 
nals from the /^-orbits on the outer electron sheet, have 
been observed in a wide doping range up to x = 0.38 
{Tc = 28 K), which is fairly close to the boundary |5ll[79| . 

The quasiparticle effective masses exhibit a steep up- 
turn in samples of progressively lower P-concentration 
X (Fig. [5|). The enhanced mass of t he e lectron sheet 
at a; = 0.38 reported by the ARPES |107| is quantita- 
tively consistent with dHvA results. Concomitantly with 
the mass enhancement, the volume of the electron sheets 
(and via charge neutrality also the hole sheets) shrinks 
linearly, which is not expected from the DFT calcula- 
tions. The inferred Fermi temperature Tp = heF /m*kB 
decreases rapidly with decreasing x (Fig.ISJc)). It is 
highly unlikely that these changes are a simple conse- 
quence of the one-electron band structure but instead 
they likely originate from many-body interactions. It is 
generally believed that strong quantum fluctuations near 
the QCP lead to a notable many-body effect, which se- 
riously modify the quasiparticle masses. Therefore the 
enhancement in m* and shrinkage of Fermi surface, and 
hence precipitous drop of Fermi temperature as the ma- 
terial is tuned toward the magnetic order phase bound- 
ary, suggest a QCP is being approached. Thus the elec- 
tronic structure revealed by dHvA experiments is consis- 
tent with a QCP near the SDW boundary. 



D. Thermodynamic evidence of the QCP 

The enhancement of the quasiparticle mass leads to 
the enhancement of 7 determined by the thermodynamic 
specific heat. Unfortunately, owing to the high super- 
conducting transition temperatures, the direct determi- 
nation of 7 is extremely difficult. However, 7 can be 
calculated by the jump of the specific heat at Tc by the 
relation, 



7 = ^C/acTc. 



(6) 



by making the reasonable assumption that ac, which 
takes the value 1.43 for weak coupling s-wave supercon- 
ductors, does not change appreciably near the QCP. Very 
recent systematic study of AC measurements using very 
high-quality single crystals [73 revealed a striking en- 
hancement of the quasiparticle mass as the magnetic or- 
der phase boundary is approached, which is quantitatively 
consistent with the mass determined by both the dHvA 
measurements and the superfluid density. 



E. Superfluid density 

Despite the bulk thermodynamic and transport signa- 
tures of quantum critical behavior of the normal quasi- 
particles at finite temperature, they are not sufficient to 
pin down the location the QCP because of the overly- 
ing superconducting dome. Due to the above mentioned 
potential problem associated with destroying the super- 
conductivity with a strong field, a direct probe which can 
trace across the QCP at zero temperature in zero field is 
desirable. 

One property which directly probes the superconduct- 
ing state well below Tc at zero field is the magnetic pen- 
etration depth Al. In the clean, local (London) limit, 
the absolute value of A^ in the zero temperature limit is 
given by the following expression 






(7) 



where § dS refers to an integral over the whole Fermi 
surface, and v^ and \l^ are the x components of the 
Fermi velocity v and the penetration depth respectively. 
In a multiband system with simple Fermi surface, this 
may be simplified to 
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where Ui and m* are the number density (proportional 
to the volume) and average mass of the carriers in band 
i respectively. The key point here is that \l is a di- 
rect probe of the normal state properties of the electrons 
which form the superconducting state. Measurements on 
very high-quality crystals are indispensable because im- 
purities and inhomogcneity may otherwise wipe out the 
signatures of the quantum phase transition. 



Figurc[5][d) shows the doping dependence of the 
squared in-plane London penetration length A| (0) in the 
zero-temperature limit, which are determined by three 
different methods [23 • The first is the lower- Tc supercon- 
ducting film coating method using a high precision tun- 
nel diode oscihator (operating frequency of ~ 13 MHz) 
[lost Il09f . The second is the microwave cavity pertur- 
bation technique by using a superconducting resonator 
(resonant frequency 28 GHz) and a rutile cavity resonator 
(5 GHz), both of which have very high quality factor 
Q ~ 10^. In the third method, Ai(0) is determined by the 
slope of T-linear dependence oi 5\l{T) = Al(T) — Al(0), 
which is determined by the tunnel diode oscillator, by as- 
suming that the gap structure evolves weakly across the 
phase diagram and the x dependence oi dXL/d{T/Tc) will 
mirror that of Al(0) . 

All three methods give very similar x dependencies. 
The most notable feature is the sharp peak in A|(0) 
at a; = 0.30. This striking enhancement on approach- 
ing X = 0.30 from either side is naturally attributed to 
the critical fluctuations associated with a second-order 
quantum phase transition, providing strong evidence for 
the presence of a QCP at a; = 0.30. It should be 
noted that in a Galilean invariant system such an en- 
hancement of Al(0) is not expected because the self- 
energy renormalization effe ct is canceled out by the so 
called backflo w co rrection |110J . However, recent the- 
oretical work |lll| has argued that in multiband sys- 
tems (such as the iron-pnictidcs), Galilean invariancc is 
broken and then electron correlation effects give rise to 
a striking enhancement of the superfluid electron mass 
and hence the magnetic penetration depth has a peak 
due to the mass enhancement at the QCP. In addition, 
the presence of nodes leads to a further enhancement 
of Al(0) at the QCP. Moreover, it has been suggested 
that a strong renormalization of effective Fermi velocity 
due to quantum fluctuations occurs only for momenta 
fc clos e to the nodes in the superconducting energy gap 
A(fc) |112| . This "nodal quantum criticality" is expected 
to lead to a peculiar T^/^-dependence of Xl near the 
QCP. Such a T-dependence has been reported not only 
in BaFc2(Asi_2;Pa;)2 with x close to 0.3 but also in k- 
(BEDT-TTF)2Cu(NCS)2 and CcCoIng, which may be 
also close to a QCP. 



F. Continuous quantum phase transition inside the 

dome 

The penetration depth measurements provide clear 
and direct evidence of the presence of QCP lying be- 
neath the superconducting dome [72| . This implies that 
the non-Fcrmi liquid behavior indicated by the red re- 
gion in Fig.UKa) is most likely associated with the finite 
temperature quantum critical region linked to the QCP. 
In addition, the enhanced quasiparticle mass implies that 
the Fermi energy is suppressed, which is usually less ad- 
vantageous for high Tc- The fact that the highest Tc is 



nevertheless attained right at the QCP with the most 
enhanced mass strongly suggests that the quantum criti- 
cal fluctuations help to enhance superconductivity in this 
system. 

Moreover, this transition immediately indicates two 
distinct superconducting ground states. The strong tem- 
perature dependence of SXl (T) at low temperatures ob- 
served on both sides of the QCP argues against a dras- 
tic change in the superconducting gap structure [3, Ill3l | . 
The fact that the zero-temperature extrapolation of the 
AFM transition Tn{x) into the dome coincides with the 
location of the QCP leads us to conclude that the QCP 
separates a pure superconducting phase and a supercon- 
ducting phase coexisting with the SDW order (Fig.[5][c)). 
The present results strongly suggest that superconductiv- 
ity and SDW coexist on a microscopic level, but compete 
for the same electrons in the underdoped region. This 
competition is evidenced by the overall larger Al (0) val- 
ues in the SDW side of the QCP than the other side 
(Fig-IHd)), which might be explained by a smaller Fermi 
surface volume due to partial SDW gapping. The micro- 
scopic coexistence is also supported by the enhancement 
of A|^(0) on approaching the QCP from the SDW side, 
which is not expected in the case of phase separation. 

We stress that the observed critical behavior of A^ (0) 
has never been reported in any othe r superconduc- 
tors, including other iron-based |l09llll4j . heavy- fermion 
and cuprate [59| superconductors. The doping evo- 
lution of Al(0) has been reported in electron doped 
Ba(Fei_a;Coa:)2As2, but Al(0) increases monotonically 
with decreasing x and no special feature is observed 
even when acrossing the magnetic phase boundary at 
X w 0.06. There are several possible reasons for 
this. Firstly, recent neutron diffraction measurements 
on electron-doped Ba(Fei_2;Ni3;)2As2 reported that the 
commensurate static AFM order changes into trans- 
versely incommensurate short-range AFM order near op- 
timal superconductivity jllSf . implying that the first or- 
der magnetic transition takes place in the phase diagram 
and that there is no QCP in the electron doped com- 
pound, although there are some reports suggesting the 
quantum critical behavior in the n ormal-state proper- 
ties of Ba(Fei_^C0:j,)2As2 [uMil- Secondly, the QCP 
anomaly may be smeared out by a greater degree of the 
electronic disorder caused by Co doping in the Fe planes. 
Thus it remains unclear whether the long-range AFM or- 
der truly coexists microscopically with superconducting 
regions in electron doped system. 

The microscopic coexistence of SDW and supercon- 
ductivity is also supported by '^^P-NMR measurements 
in BaFe2(Asi_:EP2;)2 with x ~ 0.25 [63|. The magnetic 
moment of Fe atom grows rapidly as the temperature is 
decreased below T/v, but it is seriously reduced when the 
system undergoes the superconducting transition at T^ 
indicating a direct coupling between magnetic and super- 
conducting order parameters. These results appear to in- 
dicate that the electrons on the same Fermi surfaces con- 
tribute to both magnetic ordering and unconventional su- 
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pcrconductivity in BaFc2(Asi_^Pa.)2. It should be noted 
that in heavy ferniion compounds CeCo(Ini_3,Cd^)5 and 
CeRhlns, where Tjq is higher than Tc, such a reduction 
is not observed. These resuhs suggest that magnetism 
and superconductivity may emerge from different parts 
of the Fermi sheets in these heavy fermion compounds, 
implying weak couphng between magnetism and super- 
conductivity, which is consistent with the phase separa- 
tion shown in Fig.[2jb). In cuprates, a QCP associated 
with the pseudogap formation has been discussed at the 
putative critical hole concentration p^ ~ 0.19 inside the 
superconducting dome. It should be noted, however, that 
a broad minimum of A|^(0) reported in Bi2Sr2CaCu208+z: 
at po [53 is in sharp contrast to the striking enhancement 
of A|(0) in BaFe2(Asi_2;P3;)2. Therefore, the nature of 
the QCP in cuprates, if present, may be very different 
from that in iron-pnictides. 



G. Nematic quantum criticality 

In iron-pnictides orbital physics and magnetism are 
highly entangled due to the strong interaction be tween 
spin and orbital motion, similar to manganites |119{ . 
Closely related with this issue is the electronic nematic- 
ity, which is a unidirectional self-organized state that 
breaks the rotational symmetry of the underlying lattice. 
The nematicity and its relation to superconductivity have 
been one of the important issues in iron pnictides |12h28| | . 

It has been suggested that the electronic nematic- 
ity in pnictides is associated with the tetragonal-to- 
orthorhombic structural transition. As the magnetic crit- 
ical point at Xc = 0.30 is approached the structural tran- 
sition temperature Tg decreases along with the SDW or- 
dering temperature. Therefore the nematic fluctuations 
are expected to be enhanced near Xc |2l|, [23, [S^. In- 
deed, the critical behavior of the nema tic fluctuations 
have been reported in ultrasound |117| and elastic re- 
sponse of resistivity anisotropy measurements |118j for 
Ba(Fei_a;Coa;)2As2. 

Recent magnetic torque experiments in 
BaFe2(Asi_a;P^)2 suggest that the electronic ne- 
maticity appears at a temperature T* much higher 
than Ts and that the superconducting dome is covered 
under the T* line [131 . Moreover, very recent ARPES 
measurements show that the inequivalent energy shifts 
of dxz and dyz bands, which have been observed in the 
AFM state below Tjq [13, [13 ^ seem to emerge at around 
this T* line ^^. In addition, the NMR l/TiT becomes 
enhanced below T* [l2l| . Although further studies are 
necessary to clarify the nature of the electronic state 
changes at T* and Ts, an interesting possibility is that 
a ferro orbital ordering occurs at TV while an antiferro 
orbital ordering takes place at T* [23|. In this case, the 
associated anomalies, which are clearly detected at T^, 
may not be detected at T* by long wave-length [q ^ 0) 
probes such as elastic constants. 
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FIG. 6. Comparisons between the superconducting transition 
temperature Tc and the effective Fermi temperature Tf uM- 
(a) The so-called Uemura plot, where Tc is plotted against 
Tf estimated from the superfluid density. The data for 
BaFe2(Asi_a;P3;)2 with different x (red circles) show a quite 
different behavior from the linear relation found for high-Tc 
cuprates and other exotic superconductors, and rather bridge 
the gap between conventional BCS superconductors and un- 
conventional superconductors. The red think lines are guides 
for the eyes, (b) Tc/Tf ratio as a function of x. The dashed 
lines represent typical values of Tc/Tf for Nb (blue), cuprates 
(green) and of Tc/Tb for superfluid '''He (red). 



V. BCS-BEC CROSSOVER 

The discovery of the QCP inside the dome brings an- 
other new aspect of the superconducting state in iron- 
pnictides, which has never been realized in any other 
superconductors. The red symbols in Fig.lHlJa) show Tc 
plotted as a function of Tp in BaFe2(Asi_2:P2;)2 for var- 
ious X. Because the relevant Fermi surface sheets are 
nearly cylindrical, Tp may be estimated directly from 
the superfluid density A£ (0) via the relation, Tp = 
{h'^7T)ns2r> / ksfn* ~ It^tt/ iXQe^dX\{Q), where ris2D is the 
carrier concentration within the superconducting planes 
and d is the interlayer spacing. The results of various 
superconductors are also shown in Fig.[6ja), where Tp 
is giv en by Tp = {h'^ /2){37:^y/^nV^ /ksm* for 3D sys- 
tems [l22| . The dashed line in Fig.[ni[a) corresponds to 
the Bose-Einstein condensation (BEC) temperature for 



ideal 3D boson gas, Tb 



27rm*fcn V 2.612 



( "° ) 
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0.0176Tf. 
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In a quasi-2D system, this value of Tb provides an es- 
timate of the maximum condensate temperature. The 
evolution of the superfluid density in the present sys- 
tem is in sharp contrast to that in cuprates, in which 
Tc is roughly scaled by Tp. Figure|6l^b) depicts the P- 
composition dependence of Tc normalized by the Fermi 
(or BEC) temperature, T^/Tf (Tc/Tb)- In the large 
composition region [x > 0.6), T^/Tp is very small, com- 
parable to that of the conventional superconductor Nb. 
As X is decreased, T^/Tp increases rapidly, and then de- 
creases in the SDW region after reaching the maximum 
at the QCP (x = 0.30). What is remarkable is that the 
magnitude of Tc/Tb{~ 0.30) at the QCP exceeds that 
of cuprates and reaches as large as nearly 40% of the 
value of superfluid *He. This sharp peak in Tc/Tp im- 
plies that the pairing interaction becomes strongest at 
the QCP and that the quantum critical fluctuations help 
to enhance superconductivity in this system. 



VI. CONCLUSIONS 

In this review we have discussed the quantum criti- 
cality of iron-based high- Tc superconductors, addressing 
the issue of a QCP lying beneath the superconducting 
dome, which we believe to be crucially important for un- 
derstanding of anomalous non-Fermi liquid properties, 
microscopic coexistence between superconductivity and 
magnetic order, and the mechanism of superconductiv- 
ity. In cuprates and heavy fermion compounds, this is- 
sue, i.e. whether the pseudogap phase in cuprates and 
SDW phase in heavy fermion compounds terminate at a 
QCP deep inside the dome, has been hotly debate, but 
remains puzzling. 

We have shown that the isovalcnt doped pnicitide 
BaFe2(Asi_a;Pa;)2 is an ideal system to study this is- 
sue, because we can tune the electronic properties in 
a wide range of the phase diagram, ranging from SDW 
metal, through high- Tc superconductor, to conventional 
Fermi liquid metal without introducing appreciable scat- 
tering. The transport properties, NMR, quantum oscil- 



latons, and specific heat, all suggest the presence of the 
QCP at Xc = 0.30. Moreover, zero-temperature London 
penetration depth measurements provide clear and direct 
evidence of the QCP lying beneath the superconducting 
dome. The QCP inside the dome includes the following 
important implications. 

• The QCP is the origin of the non-Fermi liquid be- 
havior above Tc- 

• Unconventional superconductivity coexists with a 
spin density wave antiferromagnetism on a micro- 
scopic level. 

• The quantum critical fluctuations help to enhance 
the high- Tc superconductivity. 

The presence or absence of a QCP inside the dome 
is still a question of debate not only in cuprates and 
heavy fermions but also in other pnictides. With three 
unconventional superconducting systems to compare and 
contrast, the vital clues that could be used to solve the 
mystery of anomalous electronic properties and uncon- 
ventional superconductivity might be uncovered. 
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